Introduction {#Sec1}
============

The main motivation for heavy long-lived particle (LLP) searches at the Large Hadron Collider (LHC) arises from proposed solutions to the gauge hierarchy problem \[[@CR1]\], which typically involve previously unseen particles at the TeV mass scale. Hadronising LLPs are anticipated in a wide range of physics models that extend the Standard Model (SM). For example, these particles appear in both *R*-parity-conserving \[[@CR2]--[@CR9]\] and *R*-parity-violating \[[@CR10]--[@CR12]\] supersymmetry (SUSY) and in universal extra dimensions theories \[[@CR13], [@CR14]\].

These particles can be stable, or metastable;[1](#Fn1){ref-type="fn"} the lifetime of these metastable particles may depend on the mass splitting with the lightest SUSY particle or on the size of any *R*-parity-violating coupling \[[@CR15]\].

LLPs produced at the LHC are expected to be slow ($\documentclass[12pt]{minimal}
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                \begin{document}$$\beta $$\end{document}$ significantly below 1) and, therefore, should have specific ionisation higher than any SM particle at high momenta. The ATLAS detector \[[@CR16]\] has a number of subsystems able to measure the velocity of charged particles. The pixel detector \[[@CR17]\] provides measurements of ionisation energy loss ($\documentclass[12pt]{minimal}
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                \begin{document}$$\text {d}E/\text {d}x$$\end{document}$) whereas the calorimeters and the muon spectrometer give a direct measurement of the time of flight for particles traversing them. A search for stable LLPs has been performed with the ATLAS detector \[[@CR18]\] with 4.7 fb$\documentclass[12pt]{minimal}
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                \begin{document}$$\sqrt{s} = 7$$\end{document}$ TeV proton--proton (*pp*) collisions using both the full detector information as well as the pixel detector information alone, and has been recently updated with the entire $\documentclass[12pt]{minimal}
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                \begin{document}$$\sqrt{s} = 8$$\end{document}$ TeV dataset \[[@CR19]\], but without a pixel-only analysis. The CMS Collaboration has recently published \[[@CR20]\] an analysis searching for stable LLPs based on the measurement of $\documentclass[12pt]{minimal}
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                \begin{document}$$\beta $$\end{document}$, and on muon identification. In CMS, a search for metastable LLPs has been carried out by looking for secondary vertices \[[@CR21]\], or disappearing tracks \[[@CR22]\]. A displaced vertex search performed by the ATLAS Collaboration \[[@CR23]\] sets limits on metastable particles in a number of scenarios. Limits on chargino production, from an analysis searching for disappearing tracks, have also been published by the ATLAS Collaboration \[[@CR24]\].

The analysis described in this article has sensitivity to metastable particles if they have unit charge and their track length before decay is more than 45 cm in the radial direction, so that they can be measured in the first few layers of the ATLAS tracker. This measurement does not depend on the way the LLP interacts in the dense calorimeter material nor, to a first approximation, on the LLP decay mode. It can therefore address many different models of New Physics, especially those predicting the production of metastable heavy particles with *O*(ns) lifetime at LHC energies, such as mini-split SUSY \[[@CR25], [@CR26]\] or anomaly-mediated supersymmetry breaking (AMSB) models \[[@CR27], [@CR28]\]. A metastable gluino with a mass of 1 TeV would be compatible with the measured Higgs boson mass according to mini-split SUSY models, which also predict squark masses of $\documentclass[12pt]{minimal}
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                \begin{document}$$10^5$$\end{document}$ TeV, therefore making the gluino the only observable strongly produced SUSY particle at LHC energies. In AMSB models, SUSY breaking is caused by loop effects and the lightest chargino can be only slightly heavier than the lightest neutralino, resulting in a heavy charged particle that can be measured before decaying into very low energy SM particles and a neutralino.

Results are presented in the context of SUSY models assuming the existence of *R*-hadrons \[[@CR29]\] formed from a long-lived coloured sparticle (squark or gluino) and light SM quarks or gluons, and in AMSB models for the case of long-lived charginos.

The paper is organised as follows. After a brief description of the experiment (Sect. [2](#Sec2){ref-type="sec"}) and of the measurement strategy (Sect. [3](#Sec3){ref-type="sec"}), the simulation of the signal processes is described (Sect. [4](#Sec4){ref-type="sec"}). The triggering strategy is then summarised and the trigger efficiency is calculated for *R*-hadrons and charginos (Sect. [5.1](#Sec10){ref-type="sec"}), after which the event selection is defined and motivated (Sect. [5](#Sec9){ref-type="sec"}). The data-driven background estimation is then described (Sect. [6](#Sec12){ref-type="sec"}) and the systematic uncertainties are presented and discussed (Sect. [7](#Sec13){ref-type="sec"}). Finally, after a brief description of the statistical method used to extract lifetime-dependent limits on *R*-hadron and chargino production cross sections and masses, the results are reported in Sect. [8](#Sec14){ref-type="sec"}.
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                \begin{document}$$\varvec{\text {d}E/\text {d}x}$$\end{document}$ measurement {#Sec2}
=============================================================================================

The ATLAS detector[2](#Fn2){ref-type="fn"} consists of a tracker surrounded by a solenoid magnet for measuring the trajectories of charged particles, followed by calorimeters for measuring the energy of particles that have electromagnetic or strong interactions with matter, and a muon spectrometer. The muon spectrometer is immersed in a toroidal magnetic field and provides tracking for muons, which have typically passed through the calorimeters. The detector is hermetic within its $\documentclass[12pt]{minimal}
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                \begin{document}$$\eta $$\end{document}$ acceptance and can therefore measure the missing transverse momentum (whose magnitude is denoted by $\documentclass[12pt]{minimal}
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                \begin{document}$$E_{\text {T}}^{\text {miss}}$$\end{document}$) associated with each event. A complete description of the ATLAS detector can be found elsewhere \[[@CR16]\]. The tracker is made of three detector systems. Starting from the solenoid magnet and moving toward the beam collision region one finds a $\documentclass[12pt]{minimal}
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                \begin{document}$$\approx $$\end{document}$400-thousand-channel transition radiation tracker \[[@CR30]\] followed by a $\documentclass[12pt]{minimal}
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                \begin{document}$$\approx $$\end{document}$6-million-channel silicon microstrip detector \[[@CR31]\], and finally a $\documentclass[12pt]{minimal}
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                \begin{document}$$\approx $$\end{document}$80-million-channel pixel detector. The pixel detector is crucial for this measurement and is described in more detail below.

As the innermost sub-detector in ATLAS, the silicon pixel detector provides at least three precision measurements for each track in the region $\documentclass[12pt]{minimal}
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                \begin{document}$$|\eta | <2.5$$\end{document}$ at radial distances of 5 to 13 cm from the LHC beam line. At normal incidence, the average charge released by a minimum-ionising particle (MIP) in a pixel sensor is $\documentclass[12pt]{minimal}
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                \begin{document}$$^{-}$$\end{document}$ for each pixel. Signals above this threshold are time-stamped within one beam crossing; the hit efficiency under these conditions exceeds 99 $\documentclass[12pt]{minimal}
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                \begin{document}$$\%$$\end{document}$. When detector data are read out, the time over threshold (ToT), i.e. the length of time for which the signal is above the threshold, is digitised with 8 bits. The ToT is proportional to the ionisation charge \[[@CR32]\] and its maximum value corresponds to 8.5 times the average charge released by a MIP track normal to the silicon detectors and leaving all of its ionisation charge on a single pixel. If this value is exceeded, the signal is lost.

The charge released by a track crossing a layer of the pixel detector is rarely contained within just one pixel. Neighbouring pixels are thus joined together to form clusters and the charge of a cluster is calculated by summing up the charges of all pixels after calibration corrections. The specific energy loss ($\documentclass[12pt]{minimal}
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                \begin{document}$$\text {d}E/\text {d}x$$\end{document}$) is defined as an average of the individual cluster ionisation measurements (charge collected in the cluster, corrected for the track length in the sensor), for the clusters associated with the track. To reduce the Landau tails, the average is evaluated after having removed the highest $\documentclass[12pt]{minimal}
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                \begin{document}$$\approx $$\end{document}$0.3 for particles with unit charge and is determined by the ToT overflow in any of the pixels in a cluster.

Measurement strategy {#Sec3}
====================

Charged massive LLPs are expected to interact with matter following the Bethe--Bloch distribution according to their $\documentclass[12pt]{minimal}
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                \begin{document}$$\beta \gamma $$\end{document}$ of LLPs produced at the LHC, which decreases from 2.0 to 0.5 for an increase in particle mass from 100 GeV to 1600 GeV. The parametric function describing the relationship between the most probable value of the energy loss ($\documentclass[12pt]{minimal}
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                \begin{document}$$ \text {d}E/\text {d}x_{\text {MPV}}$$\end{document}$) and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
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                \begin{document}$$\begin{aligned} \text {d}E/\text {d}x_{\text {MPV}}(\beta \gamma ) = {p_1\over \beta ^{\,p_3}}\ln [1+(|p_2|\beta \gamma )^{p_5}]-p_4. \end{aligned}$$\end{document}$$The $\documentclass[12pt]{minimal}
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                \begin{document}$$p_i$$\end{document}$ calibration constants have been measured \[[@CR33]\] using low-momentum pions, kaons and protons reconstructed in ATLAS and their values are monitored by checking the stability of the proton mass measurement as a function of time. The calibration is found to be stable at the 1 % level for all data-taking conditions and detector settings.
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                \begin{document}$$\text {d}E/\text {d}x$$\end{document}$, the mass estimate *m* is obtained from Eq. ([1](#Equ1){ref-type=""}) by numerically solving the equation $\documentclass[12pt]{minimal}
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                \begin{document}$$\text {d}E/\text {d}x_{\text {MPV}}(p/m) = \text {d}E/\text {d}x$$\end{document}$ for the unknown *m*. Figure [1](#Fig1){ref-type="fig"} shows the ratio of the reconstructed mass to the generated mass for simulated *R*-hadrons with masses up to 1600 GeV. The overestimation of the reconstructed mass for heavy particles is due to the pion scattering model assumed in the track reconstruction and momentum measurement. A $\documentclass[12pt]{minimal}
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                \begin{document}$$\approx $$\end{document}$3 % rescaling of the measured mass is then applied in the analysis. The half-width at half maximum of the reconstructed mass distribution increases with the mass value. This is due to the momentum measurement uncertainty dominating the mass resolution above masses of 200 GeV.Fig. 1Ratio of the reconstructed mass, computed as the most probable value of a fit to a Landau distribution convolved with a Gaussian, to the generated mass, as a function of the generated mass for stable gluino *R*-hadrons. *The yellow band* is the half-width at half maximum of the reconstructed mass distribution normalised to the generated mass

The measurement strategy consists of looking for an excess of events, compatible with the expected measurement resolution, in the mass distribution for particles that are selected as LLP candidates. These should appear as high transverse momentum ($\documentclass[12pt]{minimal}
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                \begin{document}$$\text {d}E/\text {d}x$$\end{document}$. Since there is no trigger based on these observables, events of interest were selected using the lowest-threshold unprescaled calorimetric $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$E_{\text {T}}^{\text {miss}}$$\end{document}$ trigger. For signal events, the $\documentclass[12pt]{minimal}
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                \begin{document}$$E_{\text {T}}^{\text {miss}}$$\end{document}$ originates from jets from QCD initial-state radiation (ISR) and, whenever relevant, by the LLP decays to undetected neutralinos. The trigger efficiency for all the LLPs searched for with this analysis is shown in Sect. [5.1](#Sec10){ref-type="sec"}.

Simulation of signal {#Sec4}
====================

A number of Monte Carlo (MC) simulated signal samples are used in this analysis to determine the expected efficiencies and to estimate the systematic uncertainties. A description of the simulation techniques is presented below for both stable and metastable *R*-hadrons and charginos. All simulated events are processed through the [Geant4]{.smallcaps}  \[[@CR34]\] standard ATLAS simulation \[[@CR35]\] and digitisation, followed by event reconstruction. This includes a realistic description of additional *pp* interactions in the same or neighbouring bunch crossings (pile-up). In order to take into account residual discrepancies with data, the simulated pile-up distribution is scaled to that observed during the 2012 data-taking period.

Stable R-hadrons {#Sec5}
----------------

Pair production of gluinos with masses between 100 and 1700 GeV is simulated in [Pythia 6.4.27]{.smallcaps} \[[@CR36]\] with the AUET2B \[[@CR37]\] set of MC tuneable parameters and the CTEQ6L1 \[[@CR38]\] parton distribution function (PDF) set, incorporating dedicated hadronisation routines \[[@CR39]\] to produce final states containing *R*-hadrons. Additional samples of gluinos with some representative mass values are generated using [MadGraph5]{.smallcaps} \[[@CR40]\] 1.3.33. Since the [MadGraph]{.smallcaps} samples are generated with an additional outgoing parton in the matrix element they provide a more accurate description of ISR and thus a more accurate distribution of the transverse momentum of the gluino--gluino system. The gluino samples simulated with [Pythia6]{.smallcaps} are reweighted to match this gluino--gluino system $\documentclass[12pt]{minimal}
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                \begin{document}$$p_{\text {T}}$$\end{document}$ distribution obtained from the [MadGraph]{.smallcaps} samples. The cross sections are calculated to next-to-leading order in the strong coupling constant (NLO), including the resummation of soft-gluon emission at next-to-leading-logarithmic accuracy (NLO+ NLL) \[[@CR41]--[@CR45]\]. The nominal cross section is calculated assuming a squark mass of 10 TeV. The uncertainty is taken from an envelope of cross-section predictions using different PDF sets and factorisation and renormalisation scales, as described in Ref. \[[@CR46]\].

Simulated *R*-hadron events are passed through a full detector simulation, where interactions with matter are handled by dedicated [Geant4]{.smallcaps} routines based on different scattering models. The model described in Refs. \[[@CR39], [@CR47]\], and hereafter referred to as the generic model, imposes few constraints on the allowed stable states. This is the only model where doubly charged *R*-hadrons are predicted, with a production probability of 0.1 %. Hadronic scattering is described through a purely phase-space-driven approach. A second model, referred to as the Regge model in the following, employs a triple-Regge formalism to describe hadronic scattering and describes *R*-hadrons containing gluinos according to Ref. \[[@CR48]\]. More recent models for the hadronic scattering of gluino *R*-hadrons predict that the majority would be electrically neutral after just a few hadronic interactions. The third scenario considered here belongs to this family and is based on bag-model calculations presented in Ref. \[[@CR49]\]. This is referred to as the intermediate model. The probability for a gluino to form a gluon--gluino bound state, based on a colour-octet model, is assumed to be 10$\documentclass[12pt]{minimal}
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                \begin{document}$$~\%$$\end{document}$ \[[@CR2]\]. Results are presented for the generic (Regge) model for gluino (squark) *R*-hadrons. Variations resulting from the use of a model different from the nominal one are taken into account as systematic uncertainties on the signal efficiency.

Metastable R-hadrons {#Sec6}
--------------------

The simulation of metastable gluino-based *R*-hadron samples is performed in a similar way to that of the stable *R*-hadrons, as described in Sect. [4.1](#Sec5){ref-type="sec"}. The gluinos within *R*-hadrons are required to decay via the radiative process $\documentclass[12pt]{minimal}
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                \begin{document}$$t\bar{t}$$\end{document}$ pairs are treated separately. Gluino masses between 400 GeV and 1400 GeV are simulated, with the neutralino mass either fixed to 100 GeV or set to $\documentclass[12pt]{minimal}
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                \begin{document}$$\tau _{\tilde{g}}$$\end{document}$ = 0.1, 1 and 10 ns are generated for different mass points.

Results of this search are presented as a function of the *R*-hadron lifetime. Signal MC samples with different lifetimes are obtained, starting from those simulated with a fixed value of the lifetime, by applying event weights, such that the distribution of the proper lifetime in the modified sample corresponds to the chosen new value of the mean lifetime. The event weight *w* is given by:$$\documentclass[12pt]{minimal}
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Stable charginos {#Sec7}
----------------

A chargino may be stable in a simplified scenario where the mass difference between the chargino and neutralino is less than 160 MeV so that the chargino decay to a pion and a neutralino is kinematically suppressed. Samples with long-lived charginos are generated using [Herwig++ 2.6.3]{.smallcaps} \[[@CR50]\] along with the UEEE3 \[[@CR51]\] tune and the CTEQ6L1 PDF set. The chargino mass is varied between 100 GeV and 800 GeV. The chargino is forced to remain stable and the other particles in the model are set to be too heavy to be produced in $\documentclass[12pt]{minimal}
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Metastable charginos {#Sec8}
--------------------

Samples with metastable charginos are produced similarly to the samples of stable charginos. The mean lifetime of the chargino is set to a given value ($\documentclass[12pt]{minimal}
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Candidate selection {#Sec9}
===================

Trigger {#Sec10}
-------
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The decay of each LLP to jets and a neutralino occurring within the ATLAS active volume contributes to the transverse momentum imbalance and leads to higher trigger efficiency in the metastable cases. In the case of metastable *R*-hadrons, the $\documentclass[12pt]{minimal}
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Offline selection {#Sec11}
-----------------

This search is based on a sample of well-measured high-$\documentclass[12pt]{minimal}
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The first step in the selection is the confirmation that the event has sufficient $\documentclass[12pt]{minimal}
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The following additional requirements must be satisfied by at least one of the preselected candidate tracks in order to select the event.

The track must be isolated. A track is considered isolated if its distance $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\varDelta R = \sqrt{ (\varDelta \eta )^2 + (\varDelta \phi )^2}$$\end{document}$ to any other track associated with the primary vertex and with $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$p_{\mathrm {T}}\ge 1$$\end{document}$ GeV is greater than 0.25. About 70 % of these isolated tracks are high-$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$p_{\text {T}}$$\end{document}$ leptons originating from *W* boson production.Table 1Observed data event yields at different steps of the selection procedure compared with the expected number of events for 1000 GeV *R*-hadrons decaying, with a 10 ns lifetime, to $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$g/q\bar{q}$$\end{document}$ plus a light neutralino of mass $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$m(\tilde{\chi }^0_1)=100$$\end{document}$ GeV. The simulated yields are normalised to a total integrated luminosity of $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$18.4$$\end{document}$ fb$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$^{-1}$$\end{document}$ and their statistical uncertainty is also shown. See text for detailsRequirementSelected events (data)Expected events ($\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\tau = 10$$\end{document}$ ns)Preselection543692$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$112\pm 3$$\end{document}$Isolation88431$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$102\pm 3$$\end{document}$Electron veto60450$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$102\pm 3$$\end{document}$High-*p*35684$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$91\pm 3$$\end{document}$High-$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$m_\mathrm{T}$$\end{document}$6589$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$75\pm 2$$\end{document}$Ionisation85$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$68\pm 2$$\end{document}$Muon veto28$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$62\pm 2$$\end{document}$

Table 2Expected number of events at different steps of the selection procedure for 1000 GeV gluino *R*-hadrons decaying, with a 1 ns lifetime, to $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$g/q\bar{q}$$\end{document}$ plus a light neutralino of mass $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$m(\tilde{\chi }^0_1)=100$$\end{document}$ GeV, and for stable *R*-hadrons. The simulated yields are normalised to a total integrated luminosity of $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$18.4$$\end{document}$ fb$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$^{-1}$$\end{document}$ and their statistical uncertainty is also shown. See text for detailsRequirementExpected events ($\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\tau = 1$$\end{document}$ ns)Expected events (stable)Preselection$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$19.5\pm 1.1$$\end{document}$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$62\pm 2$$\end{document}$Isolation$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$9.3\pm 0.7$$\end{document}$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$55\pm 2$$\end{document}$Electron veto$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$9.3\pm 0.7$$\end{document}$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$54\pm 2$$\end{document}$High-*p*$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$4.4\pm 0.5$$\end{document}$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$52\pm 2$$\end{document}$High-$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$m_\mathrm{T}$$\end{document}$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$3.9\pm 0.4$$\end{document}$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$43\pm 1$$\end{document}$Ionisation$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$3.0\pm 0.4$$\end{document}$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$37\pm 1$$\end{document}$Muon veto$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$2.9\pm 0.4$$\end{document}$--

The track must not be identified as an electron \[[@CR59]\] as LLPs can very rarely ($\documentclass[12pt]{minimal}
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The track must not be a muon originating from a *W* boson decay. Muons cannot be simply identified and rejected at this stage, as hypothetical very long-lived particles would often be mis-identified as muons in the detector. Therefore, to reject muons from a *W* boson decay, a requirement on transverse mass[4](#Fn4){ref-type="fn"} ($\documentclass[12pt]{minimal}
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The selected track is required to have specific ionisation measured by the pixel detector larger than $\documentclass[12pt]{minimal}
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The above requirements complete the selection for the stable particle search. One additional requirement is applied to improve the sensitivity for the metastable case. The highly ionising particles can be matched with reconstructed jets \[[@CR61]\] or muons \[[@CR62]\]. Out of 85 candidates, 57 are geometrically matched to muons ($\documentclass[12pt]{minimal}
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Finally, if more than one track per event passes all requirements, the highest-$\documentclass[12pt]{minimal}
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Table [1](#Tab1){ref-type="table"} shows the number of events in data and for an example gluino *R*-hadron signal for the different selection criteria. In data 85 events are selected before and 28 after the muon veto. None of the events has more than one selected track per event.

Table [2](#Tab2){ref-type="table"} shows the yields for the same event selection as in Table [1](#Tab1){ref-type="table"}, but applied to simulated signal events with 1000 GeV gluino *R*-hadrons that are either stable, or otherwise decay to $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$g/q\bar{q}$$\end{document}$ plus a light neutralino of mass $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$m(\tilde{\chi }^0_1)=100$$\end{document}$ GeV, and with a 1 ns lifetime. If the R-hadron lifetime is shorter, while the event efficiency is rather unaffected, the efficiency of reconstructing good quality, high-$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$p_{\text {T}}$$\end{document}$, isolated tracks falls dramatically.

Figure [3](#Fig3){ref-type="fig"} shows the overall signal efficiencies for a representative set of simulated signal samples to which the full selection procedure is applied.Fig. 3Total selection efficiencies for some MC samples as a function of the *R*-hadron mass or of the chargino mass. Both stable and some metastable cases are shown. Only statistical uncertainties are included

When the LLPs decay inside the ATLAS active volume, $\documentclass[12pt]{minimal}
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Background estimation {#Sec12}
=====================

In order to estimate the background, a data-driven approach is used. The method uses data to fit the distributions of key variables, taking into account their inter-dependence, and then to generate a large random sample of background events based on the same distributions. The choice of the control samples takes into account the measured correlations between the variables used: *p*, $\documentclass[12pt]{minimal}
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Two samples are constructed to describe the distributions of the key variables. Both selections use the full data sample, but with requirements minimising the possible contamination by signal events. These control region samples are the same for the searches for stable and metastable particles, except for the rejection of track candidates geometrically matched with spectrometer muons in the latter case.

A first sample (*CR1*) is selected by applying all the selections described in Sect. [5](#Sec9){ref-type="sec"} except for the high ionisation requirement, which is instead inverted to ensure orthogonality with the search sample. Otherwise, the kinematic properties and overall event characteristics are expected to be similar to the signal region. With this selection, $\documentclass[12pt]{minimal}
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Systematic uncertainties {#Sec13}
========================

Systematic uncertainties from several sources affecting the background estimate and the signal yield have been evaluated. The uncertainties are quoted as the maximum deviation from the nominal expectation for the background or for the signal in the probed mass range. The actual systematic uncertainties are calculated and assigned per mass bin.

The uncertainties in the background estimation can be divided into three categories: those related to the particular choices made for the binning, intervals, and fitting functions; those related to the different description of the key variables for control samples with different compositions than the search region sample; and those related to the stability as a function of pile-up. The uncertainty on the background estimate due to each of these sources is evaluated by changing the description of the key variables, repeating the entire generation procedure, and comparing the resulting mass distribution with the nominal one. The uncertainties are estimated separately for the searches for stable and metastable particles. In each iteration, five million events are generated as explained in Sect. [6](#Sec12){ref-type="sec"}. The resulting uncertainties are summarised in Table [3](#Tab3){ref-type="table"}.

The uncertainties on the signal yield are summarised in Table [4](#Tab4){ref-type="table"} and can be divided into three categories: those on the phenomenological modelling of the signal process with Monte Carlo generators; those on the modelling of the detector efficiency or calibration; and those affecting the overall signal yield.

The uncertainty on QCD radiation is evaluated for stable and metastable *R*-hadrons as the difference in efficiency between the [Madgraph]{.smallcaps} and [Pythia6]{.smallcaps} samples. This uncertainty is large for the benchmark channels in which the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$E_{\text {T}}^{\text {miss}}$$\end{document}$ is dominated by the ISR contribution, such as the stable *R*-hadrons or the gluino *R*-hadrons decaying into $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$g/q\bar{q}$$\end{document}$ plus a heavy neutralino of mass $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$m(\tilde{\chi }^0_1)=m(\tilde{g})-100$$\end{document}$ GeV. The uncertainty on QCD radiation is evaluated for metastable charginos using the same procedure as described in Ref. \[[@CR24]\], while for stable charginos the same uncertainty used for the stable *R*-hadrons is used, as the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$E_{\text {T}}^{\text {miss}}$$\end{document}$ distributions are very similar. For the *R*-hadrons there is an uncertainty on how they interact with the detector material, and this is evaluated by comparing the efficiencies obtained from generating events according to the three scattering models described in Sect. [4.1](#Sec5){ref-type="sec"}. Efficiencies for chargino events generated with and without the jet filter (see Sect. [4.4](#Sec8){ref-type="sec"}) are compared, and their difference is accounted for as a systematic uncertainty. A systematic uncertainty is assigned to the lifetime reweighting procedure, and is estimated as the discrepancy between the efficiencies obtained for the same reweighted lifetime starting from different samples.

The systematic uncertainties on the detector modelling are dominated by the trigger efficiency modelling, by the $\documentclass[12pt]{minimal}
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                \begin{document}$$E_{\text {T}}^{\text {miss}}$$\end{document}$ scale, and by the parameterisation of the ionisation. Systematic uncertainties related to the trigger are evaluated by varying the threshold and resolution parameters of the calorimetric $\documentclass[12pt]{minimal}
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                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$E_{\text {T}}^{\text {miss}}$$\end{document}$ measurement are evaluated with the methods described in Refs. \[[@CR57], [@CR63]\] and are propagated to the uncertainty of the efficiency. Since the pile-up distribution is different in data and MC simulation, the simulated samples are reweighted to match the data, and a systematic uncertainty is calculated by varying the weighting factors. The systematic uncertainty on the pixel ionisation is evaluated by comparing the ionisation of simulated and real tracks. These tracks are compatible with MIPs, selected with the same requirements as those used for the search. Other smaller uncertainties are due to momentum \[[@CR18]\] and track efficiency \[[@CR64]\] parameterisation, and electron \[[@CR65]\] and muon \[[@CR66]\] identification.

The uncertainty on the signal cross section is calculated as described in Sect. [4](#Sec4){ref-type="sec"}. The uncertainty ranges from 15 % (at 100 GeV) to 56 % (at 1700 GeV) for *R*-hadrons, and is $\documentclass[12pt]{minimal}
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                \begin{document}$$\approx $$\end{document}$8.5 % for the charginos, slightly dependent on the mass.

Results {#Sec14}
=======

The mass distribution is shown in Fig. [5](#Fig5){ref-type="fig"} for the selection of stable and metastable particles. The data, 85 events for the stable selection and 28 events for the metastable selection, are compared to the background estimate. In addition, mass distributions for examples of gluino and chargino signals are shown.

No evidence of a signal above the expected background is observed. The largest deviation has a local p-value of 4.3 % and occurs at a mass of 700 GeV for metastable gluino *R*-hadrons with lifetime $\documentclass[12pt]{minimal}
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                \begin{document}$$\tau =10$$\end{document}$ ns.

Upper limits at 95 % confidence level (CL) on *R*-hadron or chargino production cross sections (and, therefore, given a model cross section, a lower limit on their masses) are extracted using the CL$\documentclass[12pt]{minimal}
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                \begin{document}$$_S$$\end{document}$ method  \[[@CR67]\] by scanning the signal strength over a suitable range and using the profile likelihood ratio as a test statistic. In the procedure for setting the limit, the systematic uncertainties on the signal and background yields, as evaluated in Sect. [7](#Sec13){ref-type="sec"}, are treated as Gaussian-distributed nuisance parameters. The statistical uncertainty on the background distribution also takes into account the uncertainty due to the normalisation. Signal, background and data events are counted in a mass window of $\documentclass[12pt]{minimal}
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                \begin{document}$${\pm }1.4\sigma $$\end{document}$ around the signal peak, where the signal peak and the width are estimated by a Gaussian fit to the mass distribution in simulated signal MC samples. Lower limits on the mass are derived by comparing the measured cross-section limits to the lower edge of the $\documentclass[12pt]{minimal}
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                \begin{document}$${\pm }1\sigma $$\end{document}$ band around the theoretically predicted cross section for each process. The resulting lower limits set on the mass of the stable and metastable particles are summarised in Table [5](#Tab5){ref-type="table"} for the different searches.

Figure [6](#Fig6){ref-type="fig"} shows the upper limits on the production cross section for the gluino *R*-hadron with a lifetime of 10 ns decaying into $\documentclass[12pt]{minimal}
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                \begin{document}$$m(\tilde{\chi }^0_1)=100$$\end{document}$ GeV, or a heavy neutralino of mass $\documentclass[12pt]{minimal}
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                \begin{document}$$m(\tilde{\chi }^0_1)=m(\tilde{g})-100$$\end{document}$ GeV. Figure [7](#Fig7){ref-type="fig"} shows the excluded range of lifetimes for the same *R*-hadron decays versus the particle mass. Figure [8](#Fig8){ref-type="fig"} shows the upper limits on the production cross section for the gluino *R*-hadron with a lifetime of 10 ns decaying into $\documentclass[12pt]{minimal}
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                \begin{document}$$m(\tilde{\chi }^0_1)=m(\tilde{g})-480$$\end{document}$ GeV. Figure [9](#Fig9){ref-type="fig"} shows the excluded range of lifetimes for the same *R*-hadron decays as a function of the particle mass. As shown in Figs. [7](#Fig7){ref-type="fig"} and [9](#Fig9){ref-type="fig"} the sensitivity of the measurement for *R*-hadrons is maximal for lifetimes around 10 ns. Figure [10](#Fig10){ref-type="fig"} shows the upper limits on the production cross section for charginos with lifetime of 1 ns decaying into $\documentclass[12pt]{minimal}
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                \begin{document}$$\tilde{\chi }^0_1 + \pi ^\pm $$\end{document}$ and Fig. [11](#Fig11){ref-type="fig"} shows the excluded range of lifetimes as a function of the particle mass for the same chargino decay.Fig. 11The excluded range of lifetimes as a function of chargino mass for charginos decaying to $\documentclass[12pt]{minimal}
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                \begin{document}$$\tilde{\chi }^0_1 + \pi ^\pm $$\end{document}$. The expected exclusion, with its experimental $\documentclass[12pt]{minimal}
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                \begin{document}$${\pm }1\sigma $$\end{document}$ band, is given with respect to the nominal theoretical cross section

Summary {#Sec15}
=======

A search has been performed for stable and metastable non-relativistic long-lived charged particles identified through their anomalous specific ionisation energy loss in the ATLAS pixel detector. The search uses $\documentclass[12pt]{minimal}
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                \begin{document}$$\sqrt{s} = 8$$\end{document}$ TeV collected by the ATLAS detector at the LHC. In the scenario considered, stable charginos with masses smaller than 534 GeV are excluded at 95 % confidence level, and so are stable *R*-hadrons with masses smaller than 1115 GeV for gluinos, 751 GeV for bottom squarks and 766 GeV for top squarks. For metastable particles the maximum sensitivity is reached at 10 ns lifetime for *R*-hadrons, where masses below 1185 GeV are excluded, and at 15 ns lifetime for charginos, where masses up to 482 GeV are excluded. Compared to previous searches this search provides the best sensitivity for gluinos with lifetimes between 3 and 20 ns.

In this article, particles that do not decay in the active detector volume are considered stable, and those that decay inside this volume are considered metastable.

ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point in the centre of the detector and the *z*-axis coinciding with the axis of the beam pipe. The *x*-axis points from the interaction point to the centre of the LHC ring, and the *y*-axis points upward. Cylindrical coordinates (*r*, $\documentclass[12pt]{minimal}
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                \begin{document}$$\phi $$\end{document}$) are used in the transverse plane, $\documentclass[12pt]{minimal}
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                \begin{document}$$\phi $$\end{document}$ being the azimuthal angle around the beam pipe. The pseudorapidity is defined in terms of the polar angle $\documentclass[12pt]{minimal}
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                \begin{document}$$\eta = -\ln \tan (\theta /2)$$\end{document}$.

A track is associated with the primary vertex if its longitudinal and transverse impact parameters are less than 1.5 mm. The primary vertex is chosen as that with the highest sum of $\documentclass[12pt]{minimal}
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                \begin{document}$$p_{\text {T}}^2$$\end{document}$ associated with it.
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                \begin{document}$$m_\mathrm{T} = \sqrt{2 p_{\text {T}}E_{\text {T}}^{\text {miss}}(1-\cos (\varDelta \phi (E_{\text {T}}^{\text {miss}},\mathrm {track}) )}.$$\end{document}$
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